A multiwavelength fiber laser based on erbium-doped twin-core fiber (ED-TCF) and nonlinear optical loop mirror (NOLM) is proposed and demonstrated in this paper. The ED-TCF is employed as comb filter and gain medium simultaneously. The NOLM serves as an intensity equalizer. A fiber laser with 8 wavelength outputs is achieved at room temperature. The optical signal to noise ratio (OSNR) is larger than 40 dB. The fluctuation of peak power and wavelength is less than 1 dB and within 0.015 nm, respectively. This fiber laser has the advantages of simple structure and stable operation.
I. INTRODUCTION
Multiwavelength erbium-doped fiber lasers (MEDFLs) are of great interests for many applications, such as optical sensing [1] , wavelength division multiplexing (WDM) communication systems [2] and optical instrument testing [3] , [4] . However, it is difficult to simultaneously achieve multiwavelength oscillation in MEDFLs at room temperature due to the predominately homogeneous gain broadening of the EDF, which leads to the strong mode competition and unstable operation [5] . In order to weaken the homogenous gain broadening and suppress the mode competition, various methods have been used to realize the multiwavelength oscillations, such as cooling the EDF with liquid nitrogen [6] , [7] , polarization hole burning (PHB) [8] , [9] , phase modulation feedback (PMFB) [10] , [11] , random distributed feedback (RDFB) [12] . Several nonlinear effects have also been proposed to obtain multiwavelength laser in MEDFLs, including stimulated Raman scattering (SRS) [13] , 14], stimulated Brillouin scattering (SBS) [15] , [16] in the cavity. However, the use of liquid nitrogen is dangerous and costly. The PMFB and RDFB fiber lasers usually have a high transmission loss because the fiber length is over tens of kilometers. In optical fiber, the gain efficiency of SRS is low while the narrow gain bandwidth of SBS limits the number of lasing wavelengths.
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Recently, MEDFLs based on nonlinear optical loop mirror (NOLM) have attracted a lot of interests. Combined with NOLM, several kinds of multi-channel filters are used to obtain multiwavelength oscillations, Fabry-Perot (FP) filters [17] , a Sagnac loop filter based on polarizationmaintaining photonic crystal fiber (PM-PCF) [18] , for example. However, FP filter will increase the insertion loss in the cavity. A PM-PCF Sagnac loop filter will limit the laser application because of the complexity and high fabrication cost of PM-PCF.
In this paper, a new configuration which uses several meters of erbium-doped twin-core fiber (ED-TCF) and a NOLM is presented. Over the past few years, twin-core fibers (TCFs) have been studied and their characteristics have been well described [19] - [21] . In this configuration, the ED-TCF is used as the inhomogeneous gain medium and comb filter at the same time, which enables a more stable and compact laser structure. The NOLM can introduce intensity dependent loss (IDL) in the cavity and serves as an amplitude equalizer to ensure the stable operation of multiwavelength oscillations at room temperature. To our knowledge, it is the first time that the MEDFL is achieved by combining ED-TCF and NOLM.
II. PRINCIPLE AND EXPERIMENT SETUP
The schematic diagram of the proposed MEDFL structure is shown in Fig. 1 . The forward pump (pump1) and backward pump (pump2) lights from two 980 nm diode lasers are injected into the laser cavity via the WDM coupler to pump the EDF. An isolator is used in the cavity to ensure the one-way transmission. A polarization controller (PC) is set to adjust the transmission of NOLM. The output laser is detected by an optical spectrum analyzer (OSA; Yokogawa, AQ6370C) from the 10% port of the 90:10 coupler.
The NOLM is inserted in the ring using a 70:30 coupler, which consist of a 2 km single mode fiber (SMF) and a PC. The transmission of the NOLM is given as [22] ,
where ρ is the splitting ratio of the coupler in NOLM, θ is the additional linear phase difference induced by PC, φ is the nonlinear phase shift induced by the self-phase modulation and cross-phase modulation caused by 2 km SMF and φ = 2π n 2 PD/(λA eff ), where D is the loop length and λ is the operating wavelength in the vacuum. A eff is the effective fiber core mode area. P is the input power of the NOLM. n 2 is the nonlinear refractive index coefficient. It can be seen that the transmission of the NOLM is a cosine-like function of total phase difference and varies with θ as φ is a constant when the pump light power is fixed. Therefore the NOLM introduces intensity dependent loss (IDL) in the cavity and can be controlled by adjusting the polarization controller (PC), which serves as an intensity equalizer weakening the homogeneous gain broadening and suppressing the mode competition. Inset (a) of Fig. 1 shows the microscope photograph of homemade ED-TCF cross section with the Er-doped twin cores located symmetrically to the fiber center. In our experiment, the length of ED-TCF is 4.5 m. The radius of each core a is 4.9 µm and the separation of the twin cores d is 15 µm. Diameter of cladding d clad is 155 µm. At wavelength 1550 nm, the refractive index (RI) of cladding is n cl = 1.444 [23] and the measured RI of core is n co = 1.448 (EXFO Optical Fiber Analyzer NR-9200). These fiber parameters ensure single mode operation in each core at 1550 nm, which is validated by numerical calculation. Two ends of ED-TCF are spliced with SMF in the way as the inset (b) of Fig. 1 depicted. The core-offset splicing is achieved with the help of a commercial fusion splicer (FSM-80S, Fujikura). For the structure in this paper, light will periodically couple between the twin cores forming a beating pattern at a single wavelength, and complete power transfer between twin cores will occur when two cores are the same. If incident light is injected into either one core of the TCF, the normalized through output light from the same core is,
in which L is the length of TCF, and is coupling coefficient expressed as [20] ,
with K i as the i-th order modified Bessel functions of the second kind, V, U, W as the normalized frequency, the normalized transverse phase parameter, the normalized transverse loss parameter.
The free spectral range (FSR) is defined as [20] λ = π/(L ∂κ ∂λ )
In order to show the performance of TCF, we fix TCF parameters as follow: L = 0.3 m, a = 4 µm, d = 11 µm, n co = 1.448, n cl = 1.444. Figure 2 shows the normalized through output powers of core 1. P 1 is a sine-like function of λ, rendering TCF as a comb filer. It needs to be noted that the period of varying P 1 is not a constant value, for example, one period is 10.2 nm ranges 1500.0 nm to 1510.2 nm, another period is 11.9 nm ranges from 1598.3 nm to 1586.4 nm.
It is obvious that FSR is monotonically decreasing with L according to equation (5) . Figure 3 shows the dependence of FSR on TCF parameters a and d at 1550 nm. With a increasing from 3 µm to 5 µm, FSR will decrease first to a minimum and then increase. Similar fashion for d could be observed with d varying from 10 µm to 16 µm. The parameters a and d can be controlled through the fabrication process, indicating the tunability of FSR through adjusting the structural parameters and length of TCF.
Both cores of ED-TCF are erbium-doped. The pump light in two cores is absorbed by the Er 3− and new laser at 1550 nm is stimulated. So the ED-TCF can be used as comb filter and gain medium simultaneously which simplifies the laser system.
III. EXPERIMENTAL RESULTS AND DISCUSSION
We first demonstrate the performance of ED-TCF. A super continuum white light source (KOHERAS, superK uersa) is used as the operation light source and an OSA is used to observe the transmission spectra. The transmission spectrum of the comb filter is shown in Fig. 4 . It can be seen from Fig. 4(a) that the losses at wavelength 1400 nm and 1650 nm are acceptable with their values near −5 dB. Due to the high erbium-doped ratio of the core of homemade ED-TCF, the light around 1530 nm is highly absorbed and the loss is larger than 35 dB which in turn manifest that the ED-TCF has a good absorption property. Fig. 4 (b) shows the comb transmission spectrum with wavelength ranging from 1545 nm to 1575 nm. It can be observed that the transmission spectrum is homogeneous and smooth. The FSR is about 1.5 nm around 1560 nm. Figure 5 shows the laser output spectrum. We fix the both pump power at 225 mW. By adjusting the PC appropriately, we could achieve a stable 8 wavelength lasing at room temperature as shown in Fig. 5 . The spacing between adjacent wavelengths is 1.5 nm, which matches the FSR of the ED-TCF based comb filter. The peak power can reach −25 dBm. The power distribution over wavelengths is fairly uniform and output power difference of the 8 oscillation wavelengths is less than 2 dB. The smallest optical signalto-noise ratio (OSNR) is measured to be greater than 40 dB and 3dB linewidth is 0.09 nm.
The whole experiment is operated in open air. To study the long-term stability of laser output, the laser output spectrum was scanned with a 5-min interval in half an hour. The results are shown in Fig. 6 . A stable long-term operation could be observed. The detailed fluctuations of the laser output power and wavelength are shown in Fig. 7 . As shown in Fig. 7 , the peak laser output power fluctuations are less than 0.7 dB. The wavelength fluctuation is within 0.015 nm in Fig. 7 . The fluctuations are mainly caused by the home-made PC which cannot be accurately adjusted. The laser exhibits a high stability within the measured time. The power-and wavelength-fluctuation stay with a quite low level.
IV. CONCLUSION
In summary, we have proposed and demonstrated a fiber laser configuration using ED-TCF and a NOLM to achieve stable multiwavelength oscillations at room temperature. In this configuration, the ED-TCF is functions as a comb filter and gain medium at the same time. The NOLM acts as an intensity equalizer which can weaken the homogeneous gain broadening and suppress the mode competition. By adjusting the PC, 8 wavelength laser oscillations can be achieved with a wavelength spacing of 1.5 nm at room temperature. The OSNR is greater than 40 dB. The stability is measured by scanning the laser spectrum in half an hour in 5 min intervals. The fluctuation of peak power and wavelength is less than 0.7 dB and within 0.015 nm, respectively. The proposed fiber laser is simple in structure and stable in performance, which may find potential applications in fiber communication system and fiber sensing.
